ABSTRACT A vaccination regimen capable of eliciting potent and broadly neutralizing antibodies (bNAbs) remains an unachieved goal of the HIV-1 vaccine field. Here, we report the immunogenicity of longitudinal prime/boost vaccination regimens with a panel of HIV-1 envelope (Env) gp140 protein immunogens over a period of 200 weeks in guinea pigs. We assessed vaccine regimens that included a monovalent clade C gp140 (C97ZA012 [C97]), a tetravalent regimen consisting of four clade C gp140s (C97ZA012, 459C, 405C, and 939C [4C]), and a tetravalent regimen consisting of clade A, B, C, and mosaic gp140s (92UG037, PVO.4, C97ZA012, and Mosaic 3.1, respectively [ABCM]). We found that the 4C and ABCM prime/boost regimens were capable of eliciting greater magnitude and breadth of binding antibody responses targeting variable loop 2 (V2) over time than the monovalent C97-only regimen. The longitudinal boosting regimen conducted over more than 2 years increased the magnitude of certain tier 1 NAb responses but did not increase the magnitude or breadth of heterologous tier 2 NAb responses. These data suggest that additional immunogen design strategies are needed to induce broad, high-titer tier 2 NAb responses.
S
uccessful elicitation of broadly neutralizing antibodies (bNAbs) against the HIV-1 envelope (Env) protein through vaccination remains an important but unachieved goal. It is known that 15 to 20% of individuals chronically infected with HIV-1 are capable of eliciting bNAbs (1) (2) (3) (4) . These individuals first develop NAbs (5, 6) , which drive viral escape and evolution, resulting in expansion of Env diversity (4, (7) (8) (9) . In some patients, this sequence diversity drives the development of bNAbs capable of targeting conserved epitopes (10) (11) (12) (13) . These studies suggest that the long-term exposure of the immune system to multiple diverse Env sequences can result in the development of bNAbs.
No HIV-1 vaccine to date has been capable of eliciting bNAbs in humans (14) (15) (16) (17) . A variety of strategies have been explored with the goal of expanding the breadth of vaccine-elicited NAbs. One strategy assessed mixtures of different Envs with the goal of exposing B cells to sequence diversity, but this approach did not appreciably improve the breadth of tier 2 NAb responses (18) (19) (20) (21) (22) (23) . Additionally, groups have utilized rationally designed immunogens focused on eliciting bNAbs to a single Env epitope, such as the CD4 binding site, but these immunogens have not driven the full development of such bNAbs (24) (25) (26) . Mimics of the native HIV-1 Env trimer, such as the SOSIP trimer, have also been assessed, but they elicited NAbs with minimal breadth and targeted a hole in the glycan shield (27) (28) (29) (30) . Finally, long-term vaccination strategies have been considered, with the goal of allowing for affinity maturation and the development of neutralization breadth. A few studies have explored vaccination regimens spanning multiple years; however, they have also failed to induce broad tier 2 neutralization (31) .
In this study, we evaluated the effects of a longitudinal prime/boost vaccination regimen on the evolution of binding and NAb responses in guinea pigs over a vaccination regimen that spanned more than 2 years. We found that multivalent, sequential prime/boost vaccination regimens improved the breadth of binding antibodies compared to vaccination with a single Env. Additionally, while we observed a limited breadth of tier 2 NAbs in all vaccination regimens, the breadth and magnitude of these NAbs did not increase over the course of the longitudinal regimen. These data suggest that novel immunogen design strategies and vaccination regimens will be needed to improve tier 2 NAb responses.
RESULTS
Longitudinal vaccination regimens. Our laboratory has previously generated HIV-1 Env gp140 immunogens from clades A (92UG037), B (PVO.4), and C (C97ZA012, 405C, 459C, and 939C), as well as a bioinformatically optimized mosaic immunogen (Mosaic 3.1) (20, 21, (32) (33) (34) . These gp140s elicited robust binding and tier 1 NAb responses in small animal models. We evaluated whether repeated boosting with homologous or heterologous gp140 Env immunogens over a prolonged period of time would increase the magnitude and breadth of NAb responses. Three vaccine regimens were evaluated: C97ZA012 gp140 alone (C97; n ϭ 5), clade A, B, C, and mosaic gp140s (92UG037, PVO.4, C97ZA012, and Mosaic 3.1, respectively [ABCM]; n ϭ 5), and four clade C gp140s (C97ZA012, 459C, 405C, and 939C [4C]; n ϭ 5) (Fig. 1A) . Vaccines were given sequentially as single Env immunogens at weeks 0, 4, 8, 12, 62, 66, 70, 74, 104, 108, 112 , and 116, and peak immunogenicity was assessed at weeks 16, 78, and 120.
Binding antibody responses. We first assessed the ability of each vaccination regimen to elicit binding antibodies to a multiclade panel of vaccine-matched gp140 proteins by enzyme-linked immunosorbent assay (ELISA) (Fig. 1B) . All guinea pigs elicited comparable and robust binding antibody responses after the second vaccination. The highest titers were seen at weeks 16, 78, and 120, which correspond to peak immunogenicity, and there were contractions in the overall Env-specific binding antibody responses after long-term rests (weeks 62, 104, 138, and 200). For all groups, the IgG1 responses were the highest, followed by the IgG2, IgA, and IgM responses (Fig.  1C) . Antibody avidity in all groups increased similarly over time, peaking at week 78, where it plateaued until week 200 (Fig. 1D) . Mucosal IgG responses were also detected in the majority of animals, but at lower titers (data not shown).
Mapping binding antibody responses. We mapped binding antibody responses by competition ELISAs using the following bNAbs: 3BNC117 to the CD4 binding site (CD4bs) (35) , PG9 to variable loop 2 (V2)/glycans (36), PGT121 to V3/glycans (37) , and 447-52D to V3 (38) . Sera from all groups outcompeted 3BNC117 binding to C97 gp140 similarly, suggesting that all vaccine regimens elicited binding antibodies in the vicinity of the CD4bs (Fig. 2A) . The ABCM and 4C regimens were able to outcompete PG9 binding more successfully than the C97 regimen, with this effect increasing from week 16 to 78 (Fig. 2B) . The 4C regimen was superior to the C97 regimen at outcompeting PGT121 and 447-52D binding ( Fig. 2C and D) . These data suggest that while the binding antibodies target multiple regions of Env, the 4C regimen induced the most robust V3-directed binding antibodies.
Assessing the magnitude of binding antibodies to linear peptides across the HIV-1 envelope. We next mapped linear epitope binding antibodies to HIV-1 gp140 elicited by each vaccination regimen by utilizing a peptide microarray (39) . The majority of early responses were elicited to V3 at week 16, although responses to V2 were boosted over the course of the vaccination regimen and persisted to week 200 (Fig. 3A) . Interestingly, there were large increases in the magnitude of linear binding responses for both V2 and V3 from week 104 to week 120 that gradually declined until week 200. We also found that all vaccination regimens also elicited robust V1/V2 binding antibodies using V1/V2 scaffolds ( Fig. 3B) (40, 41) . Furthermore, at weeks 78 and 120, the 4C regimen elicited binding antibodies to a statistically greater number of V2 peptides than C97 alone (Mann-Whitney U test, P Ͻ 0.05). Similarly, the ABCM vaccine elicited Guinea pig polyclonal antibody avidity as measured by urea disruption ELISA. Each dot represents the result for an individual animal, and error bars represent the standard deviations. Percent avidity was calculated using the following formula: [(absorbance of urea-treated sample/absorbance of non-urea-treated matched sample) ϫ 100]. Zero to 30% is low avidity, 30 to 50% is moderate avidity, and Ͼ50% is high avidity. The 80% bar is used as a reference point within the high-avidity region.
binding antibodies to a statistically superior number of V2 peptides at week 120 than C97 alone (Mann-Whitney U test, P Ͻ 0.05) (Fig. 3C ). All vaccines elicited binding antibodies to similar regions of V2 across all time points, with the multivalent vaccines eliciting antibodies to greater numbers of peptides within these regions at weeks 78, 120, and 138 (Fig. 3D) . Additionally, the multivalent vaccines elicited binding antibodies capable of binding to greater numbers of sequences within different clades and circulating recombinant forms (CRFs) than did C97 vaccines (Mann-Whitney U test, P Ͻ 0.05) (Fig. 3E) .
Tier 1 neutralizing antibody responses. We next assessed the neutralization capacity of the antibodies utilizing a multiclade tier 1 panel of neutralization-sensitive pseudoviruses using the TZM.bl neutralization assay (42, 43) . Against specific tier 1 pseudoviruses (SF162.LS, BaL.26, SS1196.1, and 6535.3), the 4C and ABCM regimens generally elicited higher NAb titers than did the C97 regimen (Mann-Whitney U test, P Ͻ 0.05) (Fig. 4A ). For one pseudovirus, Q23.17, no neutralization was observed at week 16 but clear neutralization emerged by week 120, indicating that repetitive boosts over a prolonged period of time can increase the breadth of tier 1 NAbs. However, the NAb titers against most tier 1 pseudoviruses assessed did not increase over time. Tier 2 neutralizing antibody responses. We next assessed NAb responses to tier 2 viruses, which are representative of circulating strains of HIV-1 and are more neutralization resistant than tier 1 viruses. For these studies, we utilized a defined, global, tier 2 panel of pseudoviruses selected to represent global HIV-1 sequence diversity (44) . , and 120 were tested against a multi-clade panel of tier 1 isolates in the TZM.bl neutralization assay. Groups were vaccinated with the ABCM (n ϭ 4), 4C (n ϭ 5), or C97 (n ϭ 5) regimen. The test pseudovirus, its tier, and clade are shown above each panel. The MuLV background signal for each animal-matched MuLV control was subtracted from neutralization data for all data points. Error bars show the standard deviation for each group at each time point. The limit of detection for the assay is a 50% infective dose (ID 50 ) titer of 20. Asterisks denote statistically significant differences from the results for C97 vaccination alone (P Ͻ 0.05, Mann-Whitney U test). (B) Magnitudes of antibody-dependent neutrophil phagocytosis (ADNP) for guinea pig samples. Guinea pig sera obtained prevaccination (naive) and at week 120 were tested in an ADNP assay as described in Materials and Methods. Groups were vaccinated with the ABCM (n ϭ 4), 4C (n ϭ 5), or C97 (n ϭ 5) regimen. Each dot represents a sample tested in triplicate, and error bars show standard deviations for each vaccination group. Controls included human HIV-positive serum, human HIV-negative serum, and no-antibody samples. Phagocytic score was determined using the following formula: (% bead-positive SSC high , CD11R1 ϩ , and CD4 Ϫ cells ϫ MFI of bead-positive cells)/10,000.
Purified IgG was used to reduce the low nonspecific background signal in the assay. We observed positive NAb responses to tier 2 pseudoviruses X1632 (clade G) and 25710 (clade C) for the week 120 samples, with the highest-magnitude responses in the 4C group (Student's t test, P Ͻ 0.05 for X1632) (Fig. 5A) . We evaluated the kinetics of the modest tier 2 responses over time and found that these responses were initially raised at week 16 for all vaccines tested (Fig. 5B) . By week 78, the 4C regimen elicited higher NAb responses than the ABCM group against X1632, and this result was maintained for the duration of the entire study (Student's t test, P Ͻ 0.05). The 4C regimen also elicited higher NAb responses than the ABCM group against 25710 at week 78. Additionally, the 4C group elicited higher NAb titers than the C97 group against X1632 at weeks 120 and 200 (Student's t test, P Ͻ 0.05) (Fig. 5B) . The tier 2 responses did not increase in magnitude or breadth over the course of the vaccination regimen. Thus, all vaccination regimens elicited limited and modest tier 2 NAbs, particularly the 4C regimen, but repetitive boosting over 2 years was unable to expand these tier 2 NAbs.
Mapping the specificities of tier 2 neutralizing antibody responses. Finally, we conducted functional mapping studies to determine the targets of the tier 2 NAbs. Both the 4C and C97 regimens elicited detectable neutralization titers to tier 2 virus JRCSF (Fig.  6A) . Animals that elicited the highest NAb responses to JRCSF were utilized for mapping studies (guinea pigs 278, 279, 281, and 283). This tier 2 neutralization could not be outcompeted by RSC3 (CD4bs target) (Fig. 6B) or by using JRCSF with an S334A mutation (encoding a change from S to A at position 334; V3 target) (Fig. 6C) , suggesting minimal CD4bs or V3/glycan-directed neutralization. In contrast, the neutralization of JRCSF was largely but not completely competed by a V3 linear peptide from Bal (Fig. 6D) .
DISCUSSION
In this study, we evaluated the immunogenicity of repeated boosting with homologous and heterologous Env gp140 vaccination regimens over the course of more than 2 years in guinea pigs. The multivalent 4C and ABCM regimens elicited greater breadths of V2-binding antibodies than the monovalent C97 regimen. Limited and modest heterologous tier 2 NAbs were also induced, particularly by the 4C regimen, with responses largely directed against a linear epitope in V3. Tier 2 NAbs did not increase in magnitude or breadth following repeated boosting over the 120-week vaccination regimen. These data suggest that novel immunogen design and vaccination strategies will likely be needed to induce broad, high-titer tier 2 NAbs.
Few HIV-1 vaccination studies have explored vaccination regimens spanning more than 2 years in duration. Saunders et al. conducted a study over a 4-year period which was capable of eliciting glycan-dependent, V3-directed NAbs after repeated vaccination with a single Env sequence in rhesus monkeys (31) . These monkeys elicited tier 2 NAbs to kifunensine-treated pseudoviruses, but not to viruses containing wild-type glycosylation patterns. Our study, in contrast, utilized both homologous and heterologous prime/boost regimens in guinea pigs to assess the role that multivalency may play in improving NAb responses, and the 4C vaccine improved the achieved neutralization magnitude over the course of a long-term vaccination regimen. Animals elicited V3-directed NAbs able to neutralize wild-type tier 2 pseudoviruses, and neutralization was not dependent on the S334 glycan. Our study, however, was limited, as four Env sequences do not represent the total sequence diversity of viruses that would be found in an HIV-1-infected individual capable of eliciting bNAbs, and increased sequence diversity may be required to drive bNAb breadth (45, 46) .
Interestingly, over the course of the longitudinal vaccination regimen, antibodies to linear epitopes and tier 1 NAbs evolved, while the tier 2 NAb responses remained largely unchanged over time. While there were increases in the breadth of V2-binding antibodies and tier 1 NAbs, this did not result in an increased magnitude or breadth of tier 2 NAbs. These data suggest that a longitudinal vaccination alone will not serve to drive tier 2 neutralization breadth. The limited tier 2 NAb responses induced in this study were largely directed to a linear epitope within the V3 loop. This is not surprising, given that V3 is an immunodominant epitope within the Env protein (47) and that gp140 immunogens sample various conformations, some of which expose V3 (48, 49) . Monoclonal antibodies that target linear epitopes in V3 against a limited breadth of tier 2 viruses have previously been characterized, including 447-52D and 3074 (38, 50) . Similar V3-directed NAbs have also been isolated from HIV-1-infected individuals and have been elicited in a number of vaccine studies (27, 28, (51) (52) (53) . Utilizing strategies to reduce V3 exposure and immunogenicity may assist in increasing the breadth of tier 2 NAb responses. Studies with native-like SOSIP trimers, however, have to date not been able to expand the breadth of tier 2 NAb responses, and thus, utilizing a native-like trimer alone is not sufficient to increase the breadth of NAb responses.
Recently, it has been shown that immunization of cows readily generates broad NAbs, likely as a result of their unique germ line antibody repertoires (54) . We believe that guinea pigs are a better model for predicting immunogencity in primates and humans, as studies with both foldon and SOSIP Env gp140s have shown comparable antibody profiles in guinea pigs and primates (32, 55) .
Future immunogen design strategies will likely need to include modifications to limit V3 exposure, as well as to prime neutralizing responses to a greater number of epitopes. A variety of strategies exist to minimize V3 exposure, including using a SOSIP Env immunogen (27, 28, 56) . These immunogens, however, elicit minimal heterologous tier 2 NAbs despite being accurate mimics of the HIV-1 Env trimer. Therefore, rational immunogen designs paired with SOSIP trimers may be beneficial for improving tier 2 NAb responses to pair stabilizing mutations with improved sequence designs. Concepts to improve neutralization breadth, such as utilizing immunogens that target the germ line precursors, assessing strategies to increase somatic hypermutation, and using bioinformatics approaches to create multivalent immunogen cocktails, paired with longitudinal boosting, should continue to be explored.
MATERIALS AND METHODS
Plasmids, cell lines, protein production, and antibodies. The codon-optimized synthetic genes for all HIV-1 Env gp140s were produced by GeneArt (Life Technologies). All constructs contained a consensus leader signal sequence peptide, as well as a C-terminal foldon trimerization tag followed by a His tag (32, 57).
Long-Term HIV-1 Env Vaccine in Guinea Pigs
Journal of Virology All gp140 proteins were expressed in 293T cells utilizing stable cell lines (for C97ZA012, 92UG037, and Mosaic 3.1) (Codex Biosolutions) or transient transfections with polyethylenimine (for 405C, 459C, 939C, and PVO.4) (20, 21, 33) . His-tagged proteins were purified by using a HisTrap Ni-nitrilotriacetic acid (NTA) column (GE Healthcare). Ni-NTA columns were washed with 20 mM imidazole (pH 8.0), and protein was eluted with 300 mM imidazole (pH 8.0). Fractions containing protein were pooled and concentrated. Protein constructs were further purified utilizing gel filtration chromatography on Superose 6 (GE Healthcare) in running buffer containing 25 mM Tris (pH 7.5) and 150 mM sodium chloride. Purified proteins were concentrated using CentriPrep YM-50 concentrators (Millipore), flash frozen in liquid nitrogen, and stored at Ϫ80°C.
NAb 3BNC117 was provided by Michel Nussenzweig (Rockefeller University, New York, NY). NAbs PG9 and 447-52D were purchased from Polymun Scientific. NAb PGT121 was purchased from Catalent. Gp70 V1/V2 HIV-1 envelope scaffolds, including ConC, Case A2, CN54, and A244 V1/V2, were purchased from Immune Technology Corp.
Guinea pig vaccinations. Outbred female Hartley guinea pigs (Elm Hill) were used for all vaccination studies and were housed at the Animal Research Facility of Beth Israel Deaconess Medical Center under approved Institutional Animal Care and Use Committee (IACUC) protocols.
Guinea pigs (n ϭ 5/group) were immunized with Env protein intramuscularly in the quadriceps bilaterally at 4-week intervals, with two long-term rests, for a total of 12 injections. Vaccination groups included C97ZA012 gp140 only (C97, n ϭ 5); a sequential prime/boost regimen, including clade C C97ZA012, clade A 92UG037, Mosaic 3.1, and clade B PVO.4 gp140s (ABCM, n ϭ 5); and clade C C97ZA012, 459C, 405C, and 939C gp140s (4C, n ϭ 5) (Fig. 1A) . For ABCM, one animal died following blood draw and was excluded from the analysis. One guinea pig died at week 134 and one at week 177 in the C97 vaccination group due to age.
Twelve vaccinations were given as three sets of 4 immunizations at weeks 0, 4, 8, and 12, at weeks 62, 66, 70, and 74, and at weeks 104, 108, 112, and 116 (Fig. 1A) . Animals were followed for a total of 200 weeks. Vaccinations consisted of a total of 100 g of Env gp140 per injection formulated in 15% Emulsigen (vol/vol) oil-in-water emulsion (MVP Laboratories) and 50 g CpG (Midland Reagent Company) as adjuvants. Serum samples were obtained from the vena cava of anesthetized animals.
Endpoint ELISAs. Serum binding antibodies against gp140 and V1/V2 scaffolds were measured by endpoint enzyme-linked immunosorbent assays (ELISAs) (32) . Briefly, ELISA plates (Thermo Scientific) were coated with individual gp140s or V1/V2 scaffolds and incubated overnight. For isotype and subclass ELISAs, plates were coated with C97ZA012 gp140. Guinea pig sera were then added in serial dilutions and detected with a horseradish peroxidase (HRP)-conjugated goat anti-guinea pig secondary antibody for total IgG ELISAs (Jackson ImmunoResearch Laboratories). For isotyping ELISAs, HRP-conjugated goat anti-guinea pig IgG1, goat anti-guinea pig IgG2, goat anti-guinea pig IgM, and sheep anti-guinea pig IgA were utilized (MyBiosource). Plates were developed and read using the SpectraMax plus ELISA plate reader (Molecular Devices) and SoftMax Pro 4.7.1 software. Endpoint titers were considered positive at the highest dilution that maintained an absorbance that was Ͼ2-fold above background values.
Avidity ELISAs. Serum binding antibody avidities to HIV-1 Env gp140 were measured by a urea disruption enzyme-linked immunosorbent assay (ELISA) (58) . Briefly, ELISA plates (Thermo Scientific) were coated with individual Env gp140s and incubated overnight. Guinea pig sera were prepared in a dilution plate to values between 1.0 and 1.5 at optical densities of 450 nm (OD 450 ) to OD 800 to provide antibody concentrations within a linear range. Sera were plated in duplicate twice; one duplicate was treated with 8 molar urea (Sigma-Aldrich) and the other with distilled water as a control. Plates were then incubated with an HRP-conjugated goat anti-guinea pig secondary antibody (Jackson ImmunoResearch Laboratories). Plates were developed and read using the SpectraMax plus ELISA plate reader (Molecular Devices) and SoftMax Pro 4.7.1 software (OD 450 to OD 800 ). Percent avidity was calculated using the following formula: [(average absorbance of urea-treated sample/average absorbance of water-treated, matched sample) ϫ 100]. The avidity index describes 0 to 30% as low-avidity, 30 to 50% as moderate-avidity, and Ͼ50% as high-avidity binding antibodies.
Competition ELISAs. NAbs PG9, 3BNC117, PGT121, and 447-52D IgG were biotinylated using the EZ-Link micro NHS-PEG 4 (N-hydroxysuccinimide ester-4-unit polyethylene glycol) biotinylation kit (Thermo Scientific) following the manufacturer's instructions. Antibodies were used at readings of approximately 1.0 to 1.5 at OD 450 to OD 550 for each coating protein. For PG9 IgG competition, Mosaic 3.1 Env gp140 was utilized as the coating protein, and for 3BNC117, PGT121, and 447-52D IgG competition, C97ZA012 Env gp140 was utilized as the coating protein. ELISA plates (Thermo Scientific) were coated overnight with gp140s. Guinea pig sera in blocking buffer (1% bovine serum albumin, 1ϫ phosphatebuffered saline, 0.05% Tween) were added at a 1:10 dilution and serially diluted at 1:3 dilutions down the plate. Week 0, 16, 78, 120, 138, and 200 samples were run side-by-side on the same plate. A single biotinylated monoclonal IgG was then added at a single concentration. Streptavidin-HRP (Thermo Scientific) in blocking buffer was then added. Plates were then developed with SureBlue tetramethylbenzidine (TMB) microwell peroxidase substrate and TMB stop solution (Kirkegaard & Perry Laboratories, Inc.). Plates were developed and read at OD 450 to OD 550 using the SpectraMax plus ELISA plate reader (Molecular Devices) and SoftMax Pro 4.7.1 software.
Peptide microarrays. Peptide arrays were generated, assays conducted, and data analyzed using described previously methods (39) . RepliTope antigen collection HIV ultra slides (JPT Peptide Technologies GmbH) were utilized. Each slide contains 6,654 15-mer peptides, printed in triplicate (subarrays), overlapping by 11 amino acids, representing 135 different clades or circulating recombinant forms (CRFs) that cover the entire HIV-1 genome. Microarray slides were incubated with guinea pig sera diluted 1/200 in SuperBlock T20 (Tris-buffered saline [TBS]) blocking buffer (Thermo Scientific). Alexa Fluor 647-conjugated AffiniPure goat anti-guinea pig IgG(HϩL) was used as the secondary detection antibody (Jackson ImmunoResearch Laboratories). All batches of slides with the same time point were run in parallel with a control slide incubated with the secondary antibody only.
Slides were scanned with a GenePix 4300A scanner (Molecular Devices), using 635-nm and 532-nm lasers. The fluorescence intensity for each feature (peptide spot) and threshold values for positivity were calculated using GenePix Pro 7 software and GenePix Array List as described previously (39, 59) . The fluorescence signal from a control slide incubated with just the secondary fluorophore was subtracted from the fluorescence signals from all experimental slides to remove the background signal associated with the fluorophore. For each batch of slides run together, the highest P value from all arrays run that was Ͻ10 Ϫ16 was chosen as the cutoff for all slides for stringency (21, 60) . All P values that fell below the cutoff P value of Ͻ10 Ϫ16 were set to equal zero, and all samples with P values greater than the cutoff value were maintained as their raw, positive signal. Statistically significant differences between the results for guinea pigs that received the C97 prime/boost regimen and for animals that received either the ABCM or 4C prime/boost regimen at a matched time point (P Ͻ 0.05, Mann-Whitney U test) were determined using Prism 7.0 (GraphPad).
TZM.bl neutralization assay. Functional neutralizing antibody responses against HIV-1 Env pseudoviruses were measured using a luciferase-based virus neutralization assay in TZM.bl cells as described previously (42) . Murine leukemia virus (MuLV) was included in all assays as a negative control. For graphing tier 1 pseudovirus data, responses were considered positive if they were greater than the MuLV value and were greater than 0 after MuLV background subtraction. Pseudoviruses were prepared as described previously (42, 61) . Statistical analyses were conducted on tier 1 pseudovirus neutralization responses utilizing Prism 7.0 (P Ͻ 0.05, Mann-Whitney U test) (GraphPad).
For assessing neutralization against tier 2 pseudoviruses, polyclonal IgGs were purified from sera to reduce the background signal. High-capacity protein A agarose (Thermo Scientific) was used, following the manufacturer's instructions, and buffer exchanged into 1ϫ phosphate-buffered saline (PBS), pH 7.4 (Gibco). Purified polyclonal IgGs were used in the TZM.bl assay against the global tier 2 panel (44) at week 120, which was the terminal peak time point. As animals only showed positivity against X1632 and 25710, purified polyclonal IgGs from the remaining peak time points were run against select tier 2 pseudoviruses. Statistical analyses of tier 2 neutralization responses were conducted utilizing Prism 7.0 (P Ͻ 0.05, Student's t test) (GraphPad).
For V3 mapping, a glycan mutant of JRCSF.JB containing an S334A glycan knockout mutation (JRCSF.JB.S334A) and JRCSF.JB with Bal.01 V3 for peptide competition were utilized. For CD4 binding site (CD4bs) mapping, JRCSF.JB with RSC3 competition was used (62) .
Antibody-dependent guinea pig neutrophil phagocytosis. C97ZA012 gp140 was biotinylated and coupled to red fluorescent beads (Thermo Scientific). Sera from vaccinated or naive guinea pigs were diluted 1:12,500 in Roswell Park Memorial Institute (RPMI) 1640 medium and 10% fetal bovine serum (FBS) culture medium and incubated with gp140-coupled beads for 2 h at 37°C. Guinea pig white blood cells were isolated from EDTA-treated whole blood from naive guinea pigs. Red blood cells were lysed in ammonium chloride-potassium (ACK) lysis buffer, and white blood cells were collected by centrifugation, washed 3 times with 1ϫ PBS, and resuspended to a volume of 5 ϫ 10 5 cells/ml in RPMI 1640 -10% FBS culture medium. Diluted serum and bead complexes were pelleted at 1,000 rotations per minute for 10 min, the supernatant removed, and 5 ϫ 10 4 cells/well of guinea pig white blood cells were added and incubated for 1 h at 37°C. Following incubation, cells were washed with 1ϫ PBS and stained with blue viability dye for 15 min at 4°C. Cells were stained with anti-CD11R1 antibody (clone MIL4; Bio-Rad) and anti-CD4 antibody (clone CT7; Bio-Rad) for 15 min at room temperature. Cells were washed twice with 1ϫ PBS, fixed with 4% paraformaldehyde, and analyzed for phagocytosis by flow cytometry (BD LSR Fortessa and FACSDiva). Neutrophils were defined as side scatter high (SSC high ), CD11R1 ϩ , and CD4 Ϫ as described previously (63) , using FlowJo analysis software, and a phagocytic score was determined using the following formula: (% bead-positive SSC high , CD11R1 ϩ , and CD4 Ϫ cells ϫ MFI of bead-positive cells)/10,000, where MFI is mean fluorescence intensity.
